ABSTRACT Proanthocyanidins are naturally occurring compounds that are widely found in fruits, vegetables, nuts, seeds, flowers, and bark. We evaluated the immunomodulatory effects of proanthocyanidin-rich extract (PAE) from Pinus radiata bark in specific-pathogenfree White Leghorn chickens. Proliferation of peripheral blood mononuclear cells was significantly enhanced in chickens treated for 2 wk with 20 mg/kg of PAE. Proliferation of splenocytes and bursal cells was significantly enhanced in chickens treated for 5 wk with 5, 10, and 20 mg/kg of PAE. Thymocyte proliferation was significantly enhanced in chickens treated for 5 wk with 5 and 10 mg/kg of PAE. These effects were markedly enhanced by the presence of lipopolysaccharide, which acted on B cells responsible for humoral immunity, and concanavalin A, which acted directly on T cells involved in cell-mediated immunity. The PAE significantly promoted the expression of T helper 1 cytokine (interferon-γ) and decreased the expression of T helper 2 cytokine (IL-6). Thus, P. radiata PAE has immunomodulatory effects in specific-pathogen-free White Leghorn chickens.
INTRODUCTION
Proanthocyanidins (PA) are naturally occurring compounds that are widely found in fruits, vegetables, nuts, seeds, flowers, and bark (Bagchi et al., 2000; Rapport and Lockwood, 2001) . Proanthocyanidins are potent free radical scavengers (Prior and gu, 2005; Ku and Mun, 2008a) , antibacterial agents (Shan et al., 2007) , and effective enzyme inhibitors (Stevens et al., 2002; Ku and Mun, 2008b) . In addition, they exhibit vasodilatory, antiallergic, antiinflammatory (Torras et al., 2005) , cardioprotective (Kohama et al., 2004) , immune-stimulating, antiviral, and estrogenic activities (Bagchi et al., 2000) . Research has focused on the potent antioxidant capacity and possible protective effects on human health of PA, with an aim of reducing the risk of chronic diseases such as cancers and cardiovascular diseases (Schmidt et al., 2006) . However, few reports relate to the immunomodulatory effects of PA. Phenolic compounds such as PA can stimulate or suppress the immune system because of the presence of numerous hydroxyl groups in the structure. These groups can affect enzyme or electron-transfer systems, resulting in immunomodulation of specific responses, especially phagocytosis (Manosroi et al., 2003) .
Pinus radiata bark is an important source of PA . We previously reported that mild alkaline extraction is a useful method for the high-yield preparation of PA-rich extract (PAE) from P. radiata bark (Mun and Kim, 2009) . The objective of the present study was to evaluate the immunomodulatory effects of PAE in specific-pathogen-free (SPF) White Leghorn chickens.
MATERIALS AND METHODS

Preparation of PAE
Oven-dried P. radiata bark powder (5 kg) was passed through a 1-mm screen, put into a 200 mesh polypropylene bag, and extracted with 25 L of 0.4% NaHCO 3 at boiling temperature for 5 min in a 55-L stainless steel extractor (Koryeo Industry, Seoul, Korea) equipped with a gas burner. After extraction, the slurry was pressed to obtain the extract and the residue mat was washed with 10 L of distilled water and pressed again. The washed mat was transferred to a hydroextractor and centrifuged for 10 min at 645 × g. All filtrates were combined and refiltered using a bag filter. The filtrate was then lyophilized. The lyophilized pine bark extract nificantly enhanced in chickens treated for 5 wk with 5 and 10 mg/kg of PAE. These effects were markedly enhanced by the presence of lipopolysaccharide, which acted on B cells responsible for humoral immunity, and concanavalin A, which acted directly on T cells involved in cell-mediated immunity. The PAE significantly promoted the expression of T helper 1 cytokine (interferon-γ) and decreased the expression of T helper 2 cytokine (IL-6). Thus, P. radiata PAE has immunomodulatory effects in specific-pathogen-free White Leghorn chickens.
was defined as PAE. Small-scale extraction was also conducted to determine the extract yield. Oven-dried bark powder (3 g) was placed in a 100-mL conical beaker and extracted with 15 mL of 0.4% NaHCO 3 for 5 min in a boiling water bath. The slurry was filtered in a 1g3 glass filter and the residue was washed with 100 mL of hot deionized water, dried at 105°C for 12 h in a convection oven, and weighed. The extract yield was calculated from the weight change of the bark based on its oven-dried weight.
Determination of the PA Content in PAE
The PA content in PAE was determined by UV spectrophotometry. One or 2 mg of PAE was dissolved in 100 mL of 50% ethanol and the absorbance at 280 nm was recorded. The pure PA prepared from the same bark reported earlier was used to construct the standard calibration curve. The PA content was determined by comparing the UV absorbance of PAE.
Free Radical Scavenging Activity of PAE
Ten milligrams of PAE was dissolved in 10 mL of methanol. The sample solution was then diluted with methanol to 16.7 μg/mL. One milliliter of the dilute solution was mixed with 2 mL of 0.1 mM methanol solution of 1,1-diphenyl-2-picrylhydrazyl and reacted in a water bath at 25°C for 30 min. The absorbance was measured at 518 nm. The antioxidant activity of PAE was expressed as the scavenged amount of 1,1-diphenyl-2-picrylhydrazyl free radical.
Chickens and Treatments
Specific-pathogen-free 1-d-old White Leghorn chickens were used to determine the immunomodulatory effects of PAE. The chickens were divided into 4 groups. The first 3 groups (n = 10/group) were treated with 5, 10, and 20 mg/kg of BW of PAE, respectively, once daily by oral gavage. The fourth group (n = 10) received an equal volume of normal saline on the same schedule and served as the treatment control. All chickens were treated for 5 wk. Body weight was checked for 5 wk. The chickens were wing-banded individually and raised under uniform management care in an isolator.
They were brooded initially at 31 to 33°C during the first 5 d, followed by weekly reduction of temperature of 2 to 3°C until the temperature reached 22 to 23°C. The birds had free access to water and feed.
Isolation of Peripheral Blood Mononuclear Cells, Splenocytes, Thymocytes, and Bursal Cells
Proliferation of peripheral blood mononuclear cells (PBMC) was checked at 2 and 4 wk of age (n = 10/ group). Whole blood was collected via wing-vein puncture into a tube containing EDTA. The blood was layered on 1077 Histopaque (Sigma-Aldrich, St. Louis, MO) and spun at 2,500 rpm for 25 min. The PBMC were collected from the gradient interface, and the plasma suspension was combined and washed 3 times with Dulbecco's modified Eagle's medium (DMEM; SigmaAldrich). Spleens, thymuses, and bursa were isolated from 5-wk-old control and PAE-treated chickens (n = 10/group). The acquired tissue was kept separate and was dissociated between the frosted ends of 2 microscope slides, and erythrocytes were lysed in red blood cell lysis buffer for 5 min at room temperature and spun at 1,500 rpm for 5 min. The splenocytes, thymocytes, and bursal cells were washed 2 times with DMEM.
Proliferation Assay
To test whether PAE promoted or inhibited the proliferation of PBMC, splenocytes, thymocytes, and bursal cells, each isolated cell fraction was cultured alone or with 10 μg/mL of concanavalin A (Con A; SigmaAldrich) or 1 μg/mL of lipopolysaccharide (LPS; Sigma-Aldrich) at a density of 10 6 cells/mL. The cells were cultured at 37°C and 5% CO 2 in DMEM containing 10% fetal bovine serum (Sigma-Aldrich) and antibiotics for 48 h. Cell proliferation was determined by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay (Buttke et al., 1993) using a CellTiter 96 aqueous nonradioactive cell proliferation assay kit (Promega, Madison, WI) according to the manufacturer's instructions. Absorbance was measured using a microplate reader at 490 nm.
Reverse Transcription PCR
The PBMC were isolated from 5-wk-old SPF White leghorn chickens and were cultured alone or with added LPS (1 μg/mL) at a density of 5 × 10 6 cells/mL. The cells were cultured at 37°C and 5% CO 2 in DMEM containing 10% fetal bovine serum and antibiotics for 3 h. The PBMC per group (n = 10) were pooled. Total RNA was isolated by using an easy-Blue Total RNA Extraction Kit (Intron Biotech, Sungnam, Korea) according to the manufacturer's instructions, and reverse transcription was performed by using random hexamers and MultiScribe reverse transcriptase (Applied Biosystems, Foster City, CA). The following transcripts were PCR amplified: IL-6, IL -1β, and IL-18; interferon (IFN)-γ and IFN-α; and, as a control, glyceraldehyde 3-phosphate dehydrogenase (gAPDH). For amplification, the reaction mixtures (total volume: 20 μL) containing each of the appropriate primers (Hong et al., 2006) at a concentration of 10 pM were prepared using 10× nTaq reaction buffer, 2.5 U of nTaq polymerase (Enzinomics, Daejeon, Korea), and 2 μL of 2.5 mM deoxynucleoside triphosphate. Conditions for PCR on the MyCycler (Bio-Rad, Hercules, CA) were initial denaturation at 95°C for 5 min; 30 amplification cycles with denaturation at 95°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 3 min; and a final incubation at 72°C for 10 min.
Statistical Analyses
All data were analyzed by SPSS 12.0 statistical software (SPSS Inc., Chicago, IL). The data are expressed as the mean ± SD. Statistical differences were examined independently using the Student's t-test and the Pearson correlation test. A P-value of <0.05 was considered significant.
RESULTS
PAE Yield and Physicochemical Properties of PAE and Antioxidant Activity
The yield of PAE prepared from P. radiata bark with NaHCO 3 was 30.3%, which was about 30% higher than that of simple hot water extraction. Thus, mild alkaline extraction using 0.4% NaHCO 3 was very effective for preparing PA-rich extracts from the bark. The dried PAE dissolved well in water and its pH at 1% solution was 6.74. The PA content of the PAE was 82% as measured by UV absorbance using previously purified and characterized PA  Figure 1 ) as a reference. Other compounds in the PAE, although not quantitatively characterized, included monomeric flavonoids such as taxifolin, quercetin, and catechin; aromatic acids; and neutral sugars as determined using nuclear magnetic resonance, gas chromatography-mass spectrometry, and matrix-assisted laser desorption/ionization-time of flight spectrometry (Mun, 2009 ). The composition of PAE was similar to that of PAE previously extracted using hot water (Mun and Ku, 2006) . The antioxidant activity of this PAE, determined relative to pure PA, was 0.96, indicating that this PAE was almost as pure as pure PA, even at a PA content of 82%.
BW of SPF White Leghorn Chickens
Body weight was checked for 5 wk. No statistically significant difference was found at 35 d of age between the control (345 ± 58.94 g) and the groups administered 5, 10, and 20 mg/kg of PAE (338 ± 23.87, 347 ± 24.13, and 350 ± 36.74 g, respectively; Figure 2 ). Therefore, PAE had no effect on growth of SPF White Leghorn chickens.
Effect of PAE on PBMC Proliferation
The PAE was orally administered to SPF White Leghorn chickens at doses of 5, 10, and 20 mg/kg of BW per day for 5 wk. To test whether PAE promoted or inhibited PBMC proliferation, PBMC were isolated and cultured alone or with 10 μg/mL of Con A or 1 μg/mL of LPS. After 2 wk of treatment, the PBMC proliferation in chickens treated with 20 mg/kg of PAE was significantly higher than that of the control chickens (cultured alone: 100% ± 3.46 vs. 118.23% ± 4.23; cultured with Con A: 100% ± 2.1 vs. 118.18% ± 1.96; cultured with LPS: 100% ± 4.61 vs. 113.59% ± 2.19; Figure  3A ). However, after 4 wk of treatment, the PBMC proliferation in the PAE-treated chickens was similar to that of the control chickens ( Figure 3B ).
Effect of PAE on Splenocyte, Thymocyte, and Bursal Cell Proliferation
To test whether PAE promoted or inhibited splenocyte, thymocyte, and bursal cell proliferation, these cells were isolated from chickens after 5 wk of PAE treatment. The proliferation of all 3 cell types in the PAE-treated chickens was significantly higher than that of the control chickens (Figure 4 ). Proliferation of splenocytes in chickens treated with 5, 10 and 20 mg/ kg of PAE was significantly higher than that of the control chickens (cultured alone: 100% ± 7.24, 136.68% ± 4.07, 149.43% ± 1.70, and 170.85% ± 8.98, respectively; cultured with ConA: 100% ± 6.23, 149.93% ± 5.56, 153.56% ± 2.77, and 185.41% ± 9.25, respectively; cultured with LPS: 100% ± 10.19, 143.95% ± 4.31, 148.22% ± 3.69, and 169.15% ± 4.27, respectively). Proliferation of thymocytes in chickens treated with 5 and 10 mg/kg of PAE was significantly higher than that of the control chickens (cultured alone: 100% ± 5.30, 149.56% ± 7.19, and 155.18% ± 12.16, respectively; cultured with ConA: 100% ± 6.69, 188.18% ± 9.39, and 216.45% ± 33.61, respectively; cultured with LPS: 100% ± 10.27, 150.95% ± 4.06, and 162.59% ± 11.99, respectively). At 5, 10, and 20 mg/kg, PAE enhanced the proliferation of SPF chicken bursal cells cultured alone, relative to control (100% ± 9.08, 120.24% ± 2. 96, 202.03% ± 22.22, and 284.37 ± 0.93, respectively) . At 10 and 20 mg/kg, PAE enhanced the proliferation of SPF chicken bursal cells cultured with Con A or LPS, relative to control (cultured with ConA: 100% ± 16.57, 177.77% ± 4.71, and 233.78% ± 6.15, respectively; cultured with LPS: 100% ± 22.44, 185.55% ± 27.19, and 249.36% ± 14.57, respectively).
Effect of PAE on Cytokine Expression
Reverse transcriptase PCR was performed to analyze the effect of PAE on the expression of various cytokines. At 10 and 20 mg/kg of PAE, production of IL-6 mRNA was suppressed in PBMC with added LPS. However, the levels of IL-1β, IFN-α, and IFN-γ mRNA were increased in PBMC with added LPS (Figure 5 ). The levels of IL-1β, IFN-α, IFN-γ, and IL-6 mRNA were not detected in PBMC cultured alone (data not shown). At 5, 10, and 20 mg/kg of PAE, production of IL-18 mRNA was increased in PBMC cultured alone ( Figure 5 ).
DISCUSSION
Proanthocyanidins are natural polyphenolic compounds that are widely distributed in many plants and have long been used as human dietary supplements. The present results provide evidence that PAE from P. radiata bark exhibits immunomodulatory activities in vivo.
Proanthocyanidin comprising C4-C8 units is degraded to smaller molecules by stomach acid. These molecules are absorbed into the small intestine and can retain antioxidant activity in blood (Ku and Mun, 2008b) . Proanthocyanidin-rich extract contains similar molecular species, including monomer. Therefore, it is reasonable to suggest that degraded PAE will also be absorbed into the small intestine. If so, the PAE remnants do not affect growth of SPF White Leghorn chickens (Figure 2) .
After 2 wk of treatment with 20 mg/kg of PAE, PBMC proliferation in chickens was significantly higher than that in the control chickens. However, after 4 wk of treatment, the PBMC proliferation in the PAEtreated chickens was similar to that in the control chickens. These results indicate that PAE enhances the early events in PBMC proliferation. Also, after 5 wk of treatment, the proliferation of splenocytes, thymocytes, and bursal cells in the PAE-treated chickens was significantly higher than that in the control chickens. Certain compounds can enhance the immunocyte proliferation induced by Con A or LPS, suggesting an important role in immune function (gupta et al., 2006) . The increase of substances that either promote or inhibit immunocyte proliferation is crucial to the study of immunomodulation and drug discovery. Proanthocyanidin-rich extract presently significantly increased the proliferation of PBMC (20 mg/kg), splenocytes (5-20 mg/kg), Figure 3 . Proanthocyanidin-rich extract (PAE) promotes peripheral blood mononuclear cell (PBMC) proliferation. The PBMC were cultured in triplicate wells with the stimulants in a 5% CO 2 atmosphere at 37°C for 48 h, and cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay. A) Proliferation of PBMC after 2 wk of treatment. At 20 mg/kg, PAE enhanced the proliferation of chicken PBMC. B) Proliferation of PBMC after 4 wk of treatment. Proliferation was similar to the control chickens. Con A = concanavalin A. LPS = lipopolysaccharide. Asterisk denotes P < 0.05. thymocytes (5-10 mg/kg), and bursal cells (5-20 mg/ kg), and these effects were markedly enhanced by the presence of LPS and Con A; Con A acts directly on T cells, whereas LPS acts on B cells. T cells are involved in cell-mediated immunity, whereas B cells are primarily responsible for humoral immunity. Therefore, PAE could enhance both cellular and humoral immunity in SPF White Leghorn chickens.
Activated CD4+ T cells can be subdivided into T helper 1 (Th1)-type cells that secrete IL-2, IL-12, and IFN-γ or T helper 2 (Th2)-type cells that secrete IL-4, IL-5, IL-6, and IL-13. The Th1 responses support protective immunity against intracellular infections caused by viruses, bacteria, and protozoa and against cancer cells (Malik et al., 2007) , whereas Th2 cells facilitate antibody production by B cells. The present results demonstrate that PAE significantly promotes the expression of Th1 cytokine (IFN-γ) and decreases the expression of Th2 cytokine (IL-6).
Macrophages play an important role in the defense mechanism against host infections and in the killing of tumor cells (Kang et al., 2002) . Interleukin-18 is a cytokine produced by macrophages that was originally discovered as an IFN-γ-inducing factor (Hunter et al., 1997) . Interleukin-18 acts as a strong coinducer of IFN-γ and granulocyte macrophage colony-stimulating factor production in T cells, natural killer cells, B cells, and macrophages (Okamura et al., 1995 (Okamura et al., , 1998 Dinarello et al., 1998; Munder et al., 1998) . The present Figure 4 . Proanthocyanidin-rich extract (PAE) promotes splenocyte, thymocyte, and bursal cell proliferation. A) Splenocytes, B) thymocytes, and C) bursal cells were cultured in triplicate wells with the stimulants in a 5% CO 2 atmosphere at 37°C for 48 h, and then the cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay. At 5, 10, and 20 mg/kg, PAE enhanced the proliferation of specificpathogen-free chicken splenocytes and bursal cells. At 5 and 10 mg/ kg, PAE enhanced the proliferation of specific-pathogen-free chicken thymocytes. Con A = concanavalin A. LPS = lipopolysaccharide. Asterisk denotes P < 0.05; double asterisk denotes P < 0.005. Figure 5 . Analysis of cytokine mRNA levels by reverse-transcription PCR in peripheral blood mononuclear cells of chickens treated with proanthocyanidin-rich extract (PAE). Production of IL-6 mRNA was suppressed in PAE-treated chickens. However, IL-1β, interferon (IFN)-α, IFN-γ, and IL-18 mRNA levels were increased in PAE-treated chickens. LPS = lipopolysaccharide; gAPDH = glyceraldehyde 3-phosphate dehydrogenase.
results show that the expression of IL-18 is enhanced in PBMC of PAE-treated chickens. Thus, PAE appears to induce expression of IFN-γ by a stimulatory effect on macrophages in SPF White Leghorn chickens.
Incorporation of grape seed PAE into the diet significantly reduces mortality and improves the chicken performance after Eimeria tenella infection in broiler chickens (Wang et al., 2008) . The PA isolated from leaves of Rhododendron spiciferum can exhibit immunomodulatory activities on the mouse immune system in vitro and enhances both cellular and humoral immunity (Liu et al., 2010) . The present results echo this latter study. However, to provide more conclusive data, plans are underway to evaluate the immunomodulatory effects of pure PA, oligomeric PA, and monomeric polyphenols isolated from the PAE.
In summary, PAE enhances the proliferation of immune cells in SPF White Leghorn chickens, induces production of the Th1 cytokine IFN-γ, and suppresses the production of the Th2 cytokine IL-6. Interleukin-18 mRNA is increased in PBMC of PAE-treated chickens.
